Regulated exocytosis in neurosecretory cells relies on the timely fusion of secretory granules (SGs) with the plasma membrane. Secretagogue stimulation leads to an enlargement of the cell footprint (surface area in contact with the coverslip), an effect previously attributed to exocytic fusion of SGs with the plasma membrane. Using total internal reflection fluorescence microscopy, we reveal the formation of filopodia-like structures in bovine chromaffin and PC12 cells driving the footprint expansion, suggesting the involvement of cortical actin network remodeling in this process. Using exocytosis-incompetent PC12 cells, we demonstrate that footprint enlargement is largely independent of SG fusion, suggesting that vesicular exocytic fusion plays a relatively minor role in filopodial expansion. The footprint periphery, including filopodia, undergoes extensive F-actin remodeling, an effect abolished by the actomyosin inhibitors cytochalasin D and blebbistatin. Imaging of both Lifeact-GFP and the SG marker protein neuropeptide Y-mCherry reveals that SGs actively translocate along newly forming actin tracks before undergoing fusion. Together, these data demonstrate that neurosecretory cells regulate the number of SGs undergoing exocytosis during sustained stimulation by controlling vesicular mobilization and translocation to the plasma membrane through actin remodeling. Such remodeling facilitates the de novo formation of fusion sites.
Introduction
Chromaffin cells are archetypical neurosecretory cells of the adrenal medulla that undergo regulated Ca 2ϩ -dependent exocytosis in which secretory granules (SGs) containing catecholamines fuse with the plasma membrane at specific release sites. Fusion of predocked or primed SGs from the release-ready pool provides the initial burst of catecholamine release (Neher and Zucker, 1993; Parsons et al., 1995; Gillis and Chow, 1997; Sørensen, 2004) . However, sustained stimulation requires further mobilization of SGs from the reserve pool. SGs involved in this secondary release phase are required to navigate through the cortical actin network, a dense mesh of actin filaments underlying the plasma membrane, before docking and fusion (Neher and Zucker, 1993; Stevens et al., 2011) .
Recent studies have shown that the cortical actin network plays an active role in SG exocytosis, in addition to serving as a barrier to passive SG diffusion (Trifaró et al., 2008; Wen et al., 2011) . F-actin anchors SGs and provides tracks for their directed motion toward fusion sites (Giner et al., 2005) . Molecular motors associated with F-actin, such as myosins (Malacombe et al., 2006) , are involved in SG tethering (Tomatis et al., 2013) , transport (Rose et al., 2002 (Rose et al., , 2003 , and the control of fusion kinetics and fusion pore size (Neco et al., 2004; Neco et al., 2008) . The cortical actin network has also been shown to undergo large-scale reorganization, including partial depolymerization, in response to stimulation, not only in chromaffin cells (Aunis and Bader, 1988; Vitale et al., 1995) but also in adipocytes (Kanzaki and Pessin, 2001) , pancreatic ␤-cells (Nevins and Thurmond, 2003) , alveolar type II cells (Rose et al., 1999) , and sea urchin eggs (Yonemura and Mabuchi, 1987) . Secretagogue stimulation can change cell surface morphology in two ways. First, the addition of vesicular membrane to the plasma membrane can promote enlargement of the area in contact with solid support (the footprint) in cultured neurons and neurosecretory cells (Neves and Lagnado, 1999; Llobet et al., 2003) . Second, the morphology can change through actin remodeling. Stimulation induces rapid sprouting of filopodia in PC12 cells (Manivannan and Terakawa, 1994) and enhances neurite outgrowth in neurons (Kobayashi et al., 1997; Kimura et al., 1998) . Importantly, neurite outgrowth from nerve terminals has been shown to provide de novo functional release sites in vivo and in vitro (Zakharenko et al., 1999; de Paiva et al., 1999) , raising the possibility that activity-driven changes in the cortical cytoskeleton could also play a key role in defining de novo release sites in stimulated neurosecretory cells.
In this study, we establish that secretagogue stimulation promotes an enlargement of the footprint surface area in neuroendocrine cells by a mechanism largely independent of functional exocytosis. These activity-dependent structural changes are driven by reorganization of the cortical cytoskeleton and lead to the generation of new fusion sites for SGs in the extending area of the footprint. Our data reveal a novel type of plasticity in neuroendocrine cells that contributes to sustained stimulation by providing new actin tracks capable of capturing, guiding, and enabling fusion of SGs.
Materials and Methods
Cell culture and reagents. Chromaffin cells were isolated from bovine adrenal glands, as described previously Meunier et al., 2005) , and maintained in DMEM supplemented with 10% serum supreme, 2.5 g/ml fungizone, 50 g/ml gentamycin, and 10 mM HEPES on 0.1 mg/ml poly-D-lysine-coated culture dishes (MatTek). Cells were transfected using electroporation (Basic Nucleofector Kit for primary neurons [Amaxa] and Program X-001 [Lonza] ) and cultured at 37°C in 5% CO 2 for at least 24 h before experimentation. PC12 cells were routinely cultured as described previously (Osborne et al., 2008) . Munc18 -1/2 double knock-down PC12 (DKD-PC12) cells were provided by Shuzo Sugita (University of Toronto, Toronto, Ontario, Canada) and maintained as described previously (Malintan et al., 2009; Martin et al., 2013) . PC12 and DKD-PC12 cells were transfected using Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions. After 24 hours, transfected cells were replated onto poly-D-lysine-coated glassbottomed culture dishes (MatTek) or coverslips and processed for imaging 72 hours after transfection.
VAMP2-pHluorin (Miesenböck et al., 1998) was provided by James Rothman (Yale University, New Haven, CT), Lifeact-GFP and Lifeact-RFP (Riedl et al., 2008) were provided by Roland Wedlich Soldner (MPI Biochemistry, Martinsried, Germany), glycosyl phosphatidyl inositol (GPI)-anchored green GFP (GFP-GPI) was a gift from Kai Simons (MPI-CBG, Dresden, Germany), and pCMV-Munc18 -1-emGFP was a gift from Shuzo Sugita (University of Toronto; Arunachalam et al., 2008) . pCMV-neuropeptide Y-mCherry (NPY-mCherry) was generated from pCMV-NPY-emerald GFP provided by S. Sugita. In brief, mCherry was amplified from pmCherry-C1 (Takara) by PCR using the following primers: forward, 5Ј-ATCGATAAGCTCATGGTGGCAAGGGCGAG-3Ј; and reverse, 5Ј-CAAGTAAAACCTCTACAAATGTGGTATGGC-3Ј. It was then subcloned into pCMV-NPY-emerald GFP using ClaI and BamHI, replacing emerald GFP (Tomatis et al., 2013) .
Electron microscopy. Bovine chromaffin cells seeded on poly-Dlysine-coated dishes were washed in Buffer A containing the following (in mM): 145 NaCl, 5 KCl, 1.2 Na 2 HPO 4 , 20 HEPES-NaOH, pH 7.4, containing 5.6 mM D-glucose, and were then treated with or without 2 mM BaCl 2 for 5-10 min. Cells were fixed with 2.5% glutaraldehyde containing 1 mg/ml ruthenium red to define the cell surface. Fixed cells were contrasted with 1% osmium tetroxide and 4% uranyl acetate, before dehydration and flat embedding in LX-112 resin. Sections (ϳ55 nm) were cut using an ultramicrotome (UC64; Leica) parallel to the cell footprint and sections within 250 nm of the base of the cell were imaged using a transmission electron microscope (model 1011; JEOL) equipped with a Morada cooled CCD camera. All images were processed using Adobe Photoshop CS3 and figures compiled with Adobe Illustrator CS3.
Total internal reflection fluorescence microscopy. Transfected cells on glass-bottomed culture dishes (MatTek) were visualized with a total internal reflection fluorescence (TIRF) microscope (Marianas, SDC Everest; Intelligent Imaging Innovations) fitted with a 100ϫ oil-immersion objective (numerical aperture ϭ 1.46, Carl Zeiss Pty Ltd) using an EMCCD camera (QuantEM 512sc) and Slidebook software (version 4.2.0.27/28). Cells were bathed in Buffer A before the addition of 2 mM BaCl 2 or 100 M nicotine ϩ 2 mM CaCl 2 . Time-lapse videos were captured at 2 frames/s for the indicated period. When cytoskeletal inhibitors were used, these were preincubated with the cells for 20 min before imaging.
Footprint area was measured using the masking function (Otsu mask) of Slidebook software (versions 4.2.0.27/28). The density (number per square micrometer) of SGs in NPY-mCherry-and GFP-GPI-transfected cells was measured using Imaris (version 7.3.1; Bitplane) spot and surface features. The "Spots" function was used to determine SG numbers (from NPY-mCherry-positive structures) and the "Surface" function was used to measure the footprint area (visible area stained by GFP-GPI). To quantify the density of SGs, the average density in 10 cells per time point was measured. Particle tracking of NPY-mCherry-labeled SGs was performed on previously acquired TIRF images using the spot-tracking function of Imaris. SGs were tracked for 3 min after Ba 2ϩ stimulation. The spot diameter was 0.40 m and SGs were selected based on local contrast thresholding after background subtraction. Tracking was performed using the built-in autoregressive motion model with maximum displacement of 1 m per time step and a gap size of three frames. Mean square displacement was calculated for each vesicle over incrementing time intervals and then averaged (Steyer and Almers, 1999) .
Fusion event analysis. The fusion of NPY-mCherry-positive SGs with the plasma membrane of the footprint was scored based on two separate metrics. NPY-mCherry-labeled SG fusion was assessed by the disappearance of a labeled SG and a transient local increase in fluorescence intensity allowing fNPY-mCherry release. For VAMP2-pHluorin experiments, fusion events were determined by first measuring the average integrated intensity change for 10 fusions and then using the FISUM (integrated fluorescence intensity) change to estimate the total number of fusion events by dividing through the average for one fusion. For fusion time-lapse analysis, the FISUM change was compared from one frame to the next and fusion events were defined if the FISUM difference was Ͼ70% of the calculated average fusion event change. To enhance detection of VAMP2-pHluorin fusion events, we created difference images of subsequent frames and localized individual fusion events using the ImageJ "find maxima" function. Comparisons of the results from both approaches were found to be in good agreement.
Statistical analysis. All experiments were repeated in at least three different cultures and the number of cultures analyzed is indicated in the figure legends. Data analysis was performed using unpaired, two-tailed Student's t tests unless otherwise stated and data were considered significant at p Ͻ 0.05. Values are expressed as mean Ϯ SEM.
Results

Activity-dependent increase of footprint surface area in neurosecretory cells
We used time-lapse TIRF microscopy and imaged both bovine chromaffin and PC12 cell footprints (i.e., the area of the plasma membrane in close contact with the coverslip) before and during secretagogue stimulation. To visualize the footprint membrane, cells were transfected with the plasma membrane marker GFP-GPI (Hiscox et al., 2002) , which diffuses readily across the entire plasma membrane and therefore provides an even distribution of fluorescence across the footprint membrane. To elicit a strong stimulation, we initially used Ba 2ϩ (2 mM; Burgoyne et al., 1989; Heldman et al., 1989) . Ba 2ϩ stimulation led to a marked increase in footprint area in both chromaffin and PC12 cells (Fig. 1A-D) , in good agreement with previous studies (Llobet et al., 2003) . The average change in footprint area measured 400 s after stimulation was 50 Ϯ 10% for bovine chromaffin cells and 100 Ϯ 15% for PC12 cells (Fig. 1D ). Vehicle treatment (Buffer A alone) did not affect the size of the footprint. Importantly, examination of the microscopy time-lapse videos revealed filopodia-like structures in the newly added areas ( Fig. 1 A, B, arrowheads) , suggesting that plasma membrane expansion is an active process. Interestingly, when observed under electron microscopy, Ba 2ϩ -stimulated chromaffin cell footprints displayed a large number of filopodialike structures protruding from the cell periphery that were largely absent in unstimulated control cells (Fig. 1E) . We quan-tified this by measuring the length of the membrane outline and counting the number of membrane-enclosed objects surrounding the cells before and after stimulation. In both cases, we found a significant increase 5 min after Ba 2ϩ stimulation (Fig. 1E ).
Major discrepancy between footprint enlargement and estimated incorporated vesicular membrane Because previous studies have suggested that incorporation of vesicular membrane into the plasma membrane accounts for footprint membrane expansion (Llobet et al., 2003) , we analyzed the contribution of exocytosis (i.e., the fusion of SGs with the plasma membrane) to the footprint enlargement. To assess the number of SG fusion events contributing to the footprint area, we used two different approaches. First, we analyzed the fusion of SGs containing an expressed, fluorescently tagged secretory protein, NPY. NPY-mCherry-positive SG fusion events were scored based on a spike in fluorescence intensity and cloud-like dispersal of NPY-mCherry fluorescence ( Fig. 2A ) and the immediate disappearance of a SG, as described previously (Steyer and Almers, 1999; Allersma et al., 2004; Martin et al., 2013) . In this method, the intensity spike stems from the diffusion of released NPYmCherry molecules into closer proximity to the total internal reflection plane, where the evanescent wave intensity is higher (Allersma et al., 2004) . Second, we validated our findings after the expression of VAMP2-pHluorin, in which the transmembrane v-SNARE VAMP2 is luminally tagged with the fluorescent pH reporter protein pHluorin (Miesenböck et al., 1998) . pHluorin fluorescence is quenched in the acidic environment of the SG lumen. Upon fusion of the SG with the cell surface, neutralization of the luminal pH unquenches pHluorin, which becomes fluorescent (Miesenböck et al., 1998) . As expected, increased pHluorin fluorescence coincided with the disappearance of NPY-mCherry-labeled SGs both spatially and temporally (Fig. 2B; Wen et al., 2011) . We then compared this approach with our assay based on fusion events of NPYmCherry-positive SGs and found very similar time-lapse fusion characteristics (Fig. 2C) , thus validating our approach. To determine the proportion of SGs that were actually labeled with fluorescent proteins, we immunostained PC12 cells expressing VAMP-pHluorin for GFP and for endogenous VAMP2 and found that 89.9 Ϯ 1.3% of VAMP2 labeled SGs were Figure 1 . Activity-dependent filopodial extension drives the increase in footprint surface area in neurosecretory cells. A, B, Bovine chromaffin (A) and PC12 (B) cells expressing GFP-GPI were examined by TIRF microscopy, imaged at 2 Hz and stimulated with Ba 2ϩ (2 mM) or vehicle treated as indicated. Top, Time-lapse of the GFP-GPI fluorescence in the footprint. Bottom, GPI-GFP footprint area (green) with an overlay of the pretreatment area (white with red outline). Scale bars, 5 m. Arrowheads indicate outgrowing filopodia. C, Changes in surface area over time were plotted as indicated. D, Average change in footprint area (normalized to initial area before treatment) for stimulated chromaffin and PC12 cells and vehicle-treated controls 400 s after stimulation (n ϭ 6/10/8/5). E, Bovine chromaffin cells were treated with vehicle or 2 mM BaCl 2 for 8 min and the region of the cell containing the cell footprint was analyzed by electron microscopy. Note the numerous filopodia emerging from the footprint in stimulated cells. The inset shows a region of membrane extension containing SGs (arrowheads). Proximity to the plasma membrane is confirmed by the profiles of clathrin-coated pits containing ruthenium red stain, indicative of continuity with the plasma membrane (arrows). Bottom, Outlines of the cells in the top. Left: Ratio of outline length to visible surface before and stimulation. Right: Counts of objects outside the cell surface in unstimulated and stimulated conditions (n ϭ 6).
also positive for GFP. We also analyzed the colocalization of NPY-mCherry and VAMP2-pHluorin in SGs. The proportion of NPY-mCherry-positive SGs that also contained VAMP2-pHluorin was 80.95 Ϯ 0.03% (Fig. 2D) . Conversely, 70.17 Ϯ 0.04% of VAMP2-pHluorinpositive SGs contained NPY-mCherry (Fig. 2D) . Having estimated how much membrane surface was incorporated after fusion of SGs with the plasma membrane, we calculated the degree to which SG membrane fusion accounted for the change in footprint area. We compared the estimated footprint growth based on our estimation of the number of SG fusion events with the previously measured increase in the GFP-GPI-labeled footprint surface in both chromaffin and PC12 cells (Fig. 2E) . Assuming an average SG is a sphere with a diameter of 300 nm (Plattner et al., 1997; Allersma et al., 2004; Grabner et al., 2005) , the membrane surface area added to the footprint area after fusion will be ϳ0.28 m 2 /SG. In chromaffin cells, this level of membrane incorporation should result in an increase in footprint area of 19%, resulting from an average of 70 fusions. This is significantly lower than the 50% increase in footprint area that we observed by direct measurement of GFP-GPI (Fig. 2E) . In PC12 cells, the estimated increase was 14%, resulting from an average of 60 fusion events. This is much lower than the 100% increase observed by direct measurement (Fig. 2E) . Together, these data reveal a significant discrepancy between the increase in footprint area when measured directly relative to the estimated increase predicted through direct measurement of the number of fusion events. However, it is important to note that not all SGs fully fuse with the plasma membrane (Ceccarelli et al., 1973; Chow et al., 1992; de Toledo et al., 1993) and, conversely, not all SGs fusing with the plasma membrane in an activitydependent manner are NPY-mCherry positive. Therefore, this assessment provides an estimate rather than a direct representation of the membrane area that is added to the footprint through SG fusion.
Footprint area change is not dependent on SG exocytosis
To investigate directly the contribution of SG fusion to the increase in footprint area, we next tested whether footprint growth could occur in the absence of SG fusion events. Munc18 interacts with the t-SNARE, syntaxin-1a, and the SNARE complex and is required for SG fusion ( Vesicularfusiondoesnotaccountfortheentirefootprintenlargement.SGgranulefusionwasmeasuredinbovinechromaffin cells expressing NPY-mCherry. Cells were examined by TIRF microscopy and imaged at 2 Hz before and for 7 min after stimulation (black arrow) with Ba 2ϩ (2 mM). A, Individual fusion events were defined as the disappearance of NPY-positive SGs, followed by a cloud-like dispersal of NPY-mCherry to the extracellular space, corresponding to a spike in overall NPY-mCherry intensity. B, SG fusion was measured in bovine chromaffin cells expressing NPY-mCherry and VAMP2-pHluorin. Cells were examined by TIRF microscopy and imaged at 2 Hz before and for 7 min after stimulation with Ba 2ϩ (2 mM). C, Validation of the NPY-mCherry assay described in A by comparison with VAMP2-pHluorinoverallfluorescenceintensitychange.TocountfusioneventswithVAMP2-pHluorin,wedeterminedtheaveragefluorescence intensity change due to alkalinization of the pHluorin moiety during a fusion event by calculating the difference in fluorescence intensity between two adjacent frames before and during a fusion event and averaging over a number of events. We then assigned this valuetoeachindividualfusioneventdetectedusingtheNPY-mCherryassay(orange).Notethattheseresultsdonotsignificantlydifferfrom the direct VAMP2-pHluorin fluorescence measurement (green). D, Chromaffin and PC12 cells were cotransfected with NPY-mCherry and VAMP2-pHluorin and analyzed by TIRF microscopy. Arrowheads in the inset indicate vesicles where both markers colocalize. The graph depictsthepercentageofVAMP2-pHluorin-positivevesiclesthatalsocontainNPY-mCherryandviceversa(nϭ7).E,ChromaffinandPC12 cells cotransfected with GFP-GPI and NPY-mCherry and stimulated with Ba 2ϩ (2 mM). The extent of footprint enlargement based on the actualGFP-GPImeasurements(green)wascomparedwiththeestimatedmembraneincreasebasedonthemeasurednumberofSGfusion events (NPY-mCherry assay) multiplied by the predicted membrane surface area of a 300 nm SG (orange; n ϭ 4 -6). Note that the actual footprint increase is significantly larger than that of the estimate based on fusion alone. et al., 2009). We have shown previously using NPY-mCherry and TIRF microscopy that fusion of SGs is severely reduced in DKD-PC12 cells and that this can be fully rescued by reexpression of Munc18 -1 . To measure the number of fusion events and changes in footprint size, we imaged control PC12 cells or DKD-PC12 cells cotransfected with NPY-mCherry and GFP-GPI, as well as DKD-PC12 cells in which Munc18 -1 was reexpressed in response to 2 mM Ba 2ϩ . Consistent with our previous studies , both control PC12 cells and DKD-PC12 cells reexpressing Munc18 -1 underwent a high and comparable number of fusion events, whereas DKD-PC12 cells were fusion incompetent (Fig. 3A) . Importantly, however, the increase in footprint area was statistically indistinguishable between the three groups (Fig. 3 B, C) . This result demonstrates that the increase in the footprint area is largely independent of exocytic SG fusion.
Disrupting actin polymerization and myosin II function reduces footprint growth
Because the activity-dependent footprint growth implicated filopodial extensions (Fig. 1) , we examined the contribution of the cortical actin network by inhibiting actin polymerization using cytochalasin D (Brenner and Korn, 1979) or myosin II activity using blebbistatin (Brenner and Korn, 1979; Straight et al., 2003) . Bovine chromaffin cells and PC12 cells were cotransfected with GFP-GPI and NPY-mCherry and treated with either blebbistatin (10 M) or cytochalasin D (2 M) for 20 min before stimulation with 2 mM Ba 2ϩ ( Fig. 4A-D) . Cells were imaged by TIRF microscopy before and during stimulation (Fig. 4 A, C) and the number of fusion events and changes in footprint size were quantified (Fig. 4 B, D) . Although the number of fusion events was not significantly affected, we observed a significant block in footprint expansion in both cell types after treatment with either cytochalasin D or blebbistatin (Fig. 4 B, D) . Notably, the small increase in GFP-GPI-positive footprint size observed upon disruption of the cortical actin network was consistent with the amount of membrane added through SG fusion (Fig. 4 B, D) .
Newly added membrane area contains high levels of actin remodeling
To further investigate the role of the cytoskeleton in footprint expansion we next quantified the amount of cortical actin remodeling after Ba 2ϩ stimulation. PC12 cells were cotransfected with GFP-GPI and Lifeact-RFP and dual-color TIRF microscopy was performed before and during stimulation (Fig. 5A) . We used the fluorescence intensity ratio of Lifeact-RFP:GFP-GPI to measure the dynamic changes in F-actin distribution occurring in response to stimulation in various regions of the footprint (Fig. 5 A, B) . This analysis revealed that the ratio decreased in the center of the footprint after stimulation, indicating partial depolymerization of the cortical actin network (Fig.  5C ), as described previously (Aunis and Bader, 1988; Vitale et al., 1995) . In contrast, we found that the Lifeact-RFP:GFP-GPI ratio at the periphery of the footprint increased significantly, indicating high levels of actin polymerization, which is consistent with growth and remodeling of the footprint area.
Secretory granules move into the newly added area and undergo fusion
We next investigated whether the actin-driven increase in the footprint surface area was able to provide additional SG fusion sites. Consistent with a functional role for the increased footprint, we observed that SGs colonized the newly added membrane area (Fig. 6A) . Further analysis revealed that the SG density (number of granules per unit area in the total internal reflection plane) remained constant during stimulation (Fig.  6A) . Lifeact-GFP expression in bovine chromaffin cells revealed F-actin at the protruding edges of the growing footprint and also showed that NPY-mCherry-positive SGs moved bidirectionally along these newly formed actin structures (Fig.  6B) . Furthermore, not only did NPY-mCherry-positive SGs actively move into the added area (Fig. 6 B, C) , but their mobility also did not differ significantly from that in the original footprint area (Fig. 6C-E) . We then investigated whether SGs undergo regulated exocytosis in the newly added area. By analyzing TIRF microscopy time-lapse movies of bovine chromaffin cells expressing Lifeact-GFP and NPY-mCherry, we were able to detect fusion events in the added area (Fig. 6F ) . The frequency of these events was lower than that found in the original area at the onset of stimulation (Fig. 6G) because the majority of primed vesicles readily fuse upon stimulation. However, when considering the fusion events that occurred in both the original and newly added areas 120 s after stimulation, the values were not significantly different (0.120 Ϯ 0.011/m 2 in the initial area and 0.077 Ϯ 0.018/m 2 in the newly added area; Fig. 6G ). Footprint expansion does not depend on regulated exocytosis. NPY-mCherry was expressed in PC12 cells, DKD-PC12 cells, and DKD-PC12 cotransfected with Munc18 -1-GFP. A, Cells were imaged at 2 Hz by TIRF microscopy before and for 7 min after 2 mM Ba 2ϩ stimulation and fusion numbers were counted and normalized to footprint area. Note the rescue of exocytosis elicited by Munc18 -1-GFP reexpression in DKD-PC12 cells. B, GFP-GPI was expressed in DKD-PC12 cells and DKD-PC12 cotransfected with (untagged) Munc18 -1. Cells were examined by TIRF microscopy and imaged at 2 Hz before and during Ba 2ϩ (2 mM) stimulation. Top, Time-lapse of the GFP-GPI fluorescence in the footprint. Bottom, GPI-GFP footprint area (green) with an overlay of the prestimulation area (white with red outline). Scale bars, 5 m. C, Footprint area change for GFP-GPI-transfected DKD PC12 cells expressing empty vector or Munc18 -1 and wild-type (wt)-PC12 cells after Ba 2ϩ (2 mM) stimulation (400 s). Note that all three populations exhibit similar increases in footprint area. The numbers in the bars indicate the number of cultures analyzed.
Discussion
Using a combination of pharmacological and genetic manipulations, we have shown that secretagogue stimulation of neurosecretory cells induces an enlargement of the footprint area driven by actin remodeling and filopodial outgrowth. Our results demonstrate that activity-dependent footprint expansion relies predominantly on significant cortical actin remodeling. Indeed, we demonstrate that footprint growth proceeds in the absence of regulated exocytosis but is abolished upon pharmacological inhibition of myosin II activity or actin polymerization. Our data therefore highlight a novel form of plasticity by demonstrating that secretagogue stimulation promotes actin remodeling and filopodia formation, which in turn drive an increase in footprint surface area, culminating in the formation of new SG release sites within this growth zone.
An increase in footprint size has been reported previously to occur seconds after stimulation as a result of SG fusion events and the resulting incorporation of vesicular membrane into the plasma membrane (Llobet et al., 2003) . However, longer stimulation periods, we observed chromaffin and PC12 cell footprint enlargement that was independent of exocytic SG fusion. Indeed, using exocytosisincompetent DKD-PC12 cells, we demonstrated that these morphological changes occur in much the same way in the absence of fusion events. Importantly, minor footprint enlargement was correlated with the number of fusion events when actin polymerization or myosin II activity was inhibited. We conclude that SG fusion lead to a small footprint increase (Ͻ10% of the original footprint size) immediately following stimulation, but that at later stages (Ͼ120 s), this effect is completely overshadowed by actin-driven remodeling (50% for chromaffin cells and 100% for PC12 cells) leading to a significant enlargement of the footprint area.
Actin is a well-known modulator of regulated exocytosis in neurons (Cingolani and Goda, 2008) and neurosecretory cells (Trifaró et al., 2008) . Furthermore, activity-dependent neuronal actin remodeling has been implicated in neurite formation, extension, and branching and in the de novo formation of synapses. High concentrations of actin can be found in dendritic spines, the formation of which is also initiated by filopodia formation (Fifková and Delay, 1982; Matus et al., 1982; Landis et al., 1988; Dailey and Smith, 1996; Ziv and Smith, 1996; Fiala et al., 1998; Matus, 2000; Cingolani and Goda, 2008) . Our data show that neurosecretory cells can undergo stimulation-induced morphological changes resembling the filopodia-based neurite extension that occurs during neuronal plasticity. Sustained neuronal stimulation has been related to neurite extension and the formation of new synapses (Fifková, 1985; Korobova and Svitkina, 2010 ) and our results demonstrate that neurosecretory cells are also capable of undergoing activitydependent filopodial growth that leads to the creation of new functional release sites.
The functional importance of actin and myosin in exocytosis has become increasingly recognized in recent years. Cortical actin network remodeling plays a crucial role in regulated exocytosis in a range of non-neurosecretory cell types, including SG exocytosis in starfish eggs (Puppo et al., 2008) , alveolar epithelial type II cells (Rose et al., 1999) , neutrophils (Mitchell et al., 2008) , and oocytes (Yonemura and Mabuchi, 1987; Runft et al., 2002; Horner and Wolfner, 2008) , in addition to insulin-stimulated GLUT4 translocation in adipocytes (Kanzaki and Pessin, 2001; Kanzaki, 2006) . In some cases, a morphological correlate has been reported between cortical actin rearrangement and the activity of small GTPases such as Cdc42 (Nevins and Thurmond, 2003) or Ral1 (Xie et al., 2013) . In pancreatic ␤-cells, Ccdc42-dependent F-actin remodeling occurs during the regulated exocytosis of insulincontaining granules and facilitates filopodia formation through binding to the exocyst complex (Sugihara et al., 2002) . In neu- roendocrine cells, Cdc42 is activated during exocytosis and recruits N-WASP, leading to enhanced actin polymerization (Gasman et al., 2004) . Both N-WASP and Arp2/3 regulate actin polymerization during GLUT4 translocation (Jiang et al., 2002) and during natural killer cell immunological synapse formation (Vyas et al., 2001; Wulfing et al., 2003; Brown et al., 2011) . In neurosecretory cells, Cdc42-mediated actin reorganization promotes the mobilization and recruitment of SGs to the plasma membrane after inhibition of PI3-kinase delta (Wen et al., 2011) , whereas in neurons, inhibition of PI3-kinase has also been shown to cause actin/myosin II-dependent elongation of filopodia (Tornieri et al., 2006) and to promote a biphasic effect on neuroexocytosis (Milosevic et al., 2005) . Together, these data highlight the important and complex role of the cortical actomyosin network, in conjunction with its regulatory elements, in facilitating regulated exocytosis across a range of cell types.
Our findings clearly suggest a role for myosin II in controlling the expansion of the actin footprint, suggesting that the actomyosin II complex helps to establish these new membrane areas. Myosin II has previously been implicated in neuroexocytosis, with inhibition or expression of an inactive mutant myosin II being shown to impair SG mobility (Neco et al., 2002; Neco et al., 2004; Berberian et al., 2009) . Myosin II inhibition alters the position of SGs, increasing their distance from the plasma membrane and slowing fusion kinetics (Villanueva et al., 2012) . It also affects catecholamine release directly by controlling the size and duration of the fusion pore (Berberian et al., 2009 ) and has been implicated in the disruption of F-actin, an effect deemed auxiliary to facilitate full fusion (Doreian et al., 2008; Doreian et al., 2009) . Our data contribute to this emerging field by demonstrating that myosin II-dependent actin remodeling drives the footprint enlargement elicited by stimulation in neurosecretory cells. Inhibition of actin polymerization with cytochalasin D was sufficient to stop footprint growth, highlighting the driving role of the actin cytoskeleton in these morphological changes. Myosin II inhibition with blebbistatin produced an identical effect, pointing to a dynamic role for the actomyosin II complex in controlling the response to sustained stimulation.
After stimulation, a significant remodeling of F-actin drives the enlargement of the footprint. Based on the ratio of Lifeact-RFP and GFP-GPI signals obtained with TIRF imaging, we found that the growing edges of the footprint, including the filopodia, contain high amounts of F-actin. Importantly, this occurred in parallel to the cortical F-actin depolymerization at the center of the footprint, as described previously . Indeed, polymerization in the expanding footprint allows SGs to move into and undergo fusion in these areas, whereas partial F-actin depolymerization in the original footprint area facilitates exocytosis of SGs (Vitale et al., 1991; Trifaró et al., 2008) . Our findings that SGs can often be found at the tips of Figure 5 . Newly added footprint area contains high levels of F-actin. A, PC12 cells cotransfected with Lifeact-RFP (LA-RFP; red) and GFP-GPI (green) were examined by TIRF microscopy and imaged at 2 Hz before and for 7 min after stimulation with Ba 2ϩ (2 mM). Bottom, Ratio of Lifeact-RFP:GFP-GPI fluorescence in pseudocolor to indicate changes in F-actin concentration. B, 3D surface intensity plot of Lifeact-RFP:GFP-GPI ratio before and 400 s after stimulation, highlighting the increased F-actin concentration (red) at the edge of the footprint and the decrease in F-actin in the center of the footprint. C, Quantification of Lifeact-RFP and GFP-GPI ratios using regions of interest from the center or the expanding edge of PC12 cell footprints (n ϭ 3). After stimulation, the Lifeact-RFP:GFP-GPI ratio in the initial footprint area decreases while simultaneously increasing in the added footprint area.
filopodia could indicate that their presence actually facilitates F-actin outgrowth and filopodia formation in a myosin IIdependent manner (Taunton, 2001) .
Our data reveal that, by modifying their surface morphology, neurosecretory cells can regulate the number of SGs undergoing vesicular mobilization, translocation to the plasma membrane, and exocytic fusion during sustained stimulation conditions. This actin-driven plasticity creates new tracks and anchoring points for SGs en route to the plasma membrane. The ability of SGs to nucleate actin could facilitate the devel- Figure 6 . SGs move into the newly added footprint area. A, Time-lapse of PC12 cells cotransfected with NPY-mCherry(NPY-Ch) and GFP-GPI, imaged at 2 Hz before and for 7 min after stimulation with Ba 2ϩ (2 mM). Top, NPY-mCherry-positive SGs appear outside the initial area (green dashed line) and are evenly distributed across the entire footprint (green outline). Bottom and side, x-y-t reconstruction of NPY-mCherry-positive SGs, with new SGs appearing in both the initial and the newly added area after stimulation. Note that the SG density (number of granules per unit area) remains constant over time (small inset) in all areas. B, Time-lapse TIRF microscopy of a bovine chromaffin cell cotransfected with Lifeact-GFP (LA-GFP) and NPY-mCherry showing the distribution of F-actin and SGs before and 400 s after stimulation. Right, Trajectories of SGs in the added footprint membrane area show that they are entering the newly forming area that also contains Lifeact-GFP positive structures (bottom). Scale bar, 5 m. C,D, Maps of NPY-mCherry positive SGs trajectories in a Ba 2ϩ -stimulated chromaffin cell color coded for time after stimulation (C) and square displacement (D), as indicated. The white outline indicates the footprint area before stimulation. E, Mean square displacement (MSD) analysis of SGs in the original footprint and added areas. Note that there is no significant difference in mobility between either SG populations. F, SGs undergo regulated exocytosis in the newly added area. Time-lapse profile of a bovine chromaffin cell transfected with Lifeact-GFP (LA-GFP) and NPY-mCherry (red outline of the initial footprint area) stimulated with Ba 2ϩ at t ϭ 0 and imaged at 2 Hz. Arrowheads depict a SG entering an added area and undergoing fusion (pseudocolored in the inset). In the merged insets, the GFP channel is replaced with an outline of the limit of the footprint. Scale bar, 5 m. G, Quantification of fusion events per area in both the original footprint and the added area. During footprint expansion, starting 120 s after stimulation, the number of fusions/area in the new area does not differ significantly from those in the initial footprint. Scale bar, 5 m. opment of de novo fusion sites in those added areas, thereby contributing to maintaining release rates under sustained stimulation conditions. We have recently shown that the density of SGs detected in the TIRF zone remains constant after stimulation (Tomatis et al., 2013) . The expanding footprint therefore helps to regulate the number of SGs available at the plasma membrane, a feature shared by the sprouting of more nerve terminals in vivo (de Paiva et al., 1999) and in cultured neurons (Zakharenko et al., 1999) .
In conclusion, we have shown that neurosecretory cells increase their surface in response to secretagogue stimulation by promoting filopodia-driven footprint enlargement. These activity-dependent morphological changes elicited by the interplay between actin and myosin II lead to the establishment of new release sites that contribute to the sustained response to secretagogue stimulation.
